Introduction
The aortic annular sizing is essential for selecting a proper transcatheter heart valve (THV) in patients undergoing transcatheter aortic valve replacement (TAVR). Although transoesophageal echocardiography (TEE) was the first imaging modality used for annular sizing, 1 multidetector computed tomography (MDCT) has become a crucial imaging modality for providing a detailed and reliable description of the complex three-dimensional aortic root anatomy in patients undergoing TAVR. 2 It has been demonstrated 3 that threedimensional TEE (3D-TEE) predicts paravalvular aortic regurgitation (PVR) equally compared to MDCT.
Intravascular ultrasound (IVUS) is a widely used imaging tool to guide coronary and peripheral interventions. Peripheral IVUS catheters are low frequency catheters that are being used as a large-field IVUS imaging in the thoracic and abdominal aorta. IVUS is now considered the gold standard imaging modality for measuring the luminal diameter of the aorta and selecting appropriate landing zones for endografts. 4 However, data on the aortic annular sizing by IVUS are scant.
In elderly patients with chronic kidney disease (CKD), the use of contrast media with MDCT might induce acute kidney injury (AKI), 5 which is associated with poor outcomes. Furthermore, MDCT images can be distorted by artifacts because of partial volumeaveraging effects (blooming), heart/lung motion, arrhythmias, and patient motion during imaging. 6 On the other hand, among patients with the increased risk of AKI, the aortic and iliofemoral artery sizing by IVUS, in lieu of MDCT, can prevent AKI. Likewise, IVUS might be useful for annular sizing in patients with suboptimal MDCT images. We, therefore, investigated the role of large-field IVUS, compared with MDCT and 2D-TEE, for annular sizing and predicting PVR in patients undergoing TAVR.
Methods Patient population, assessment, and procedure
Between February 2014 and January 2015, we prospectively enrolled 50 consecutive patients with severe aortic stenosis undergoing TAVR. Exclusion criteria were as follows: Severely impaired renal function (glomerular filtration rate <30 mL/min); pulmonary edema; hemodynamic instability or the presence of arrhythmias; ejection fraction <30 %, and suboptimal pre-operative MDCT images. The review board of the University of Alabama approved the study and all patients signed the informed consent. All patients underwent MDCT for sizing the aortic annulus and iliofemoral arteries prior to TAVR. The size of THV and iliofemoral arteries was determined by MDCT measurements. All patients underwent TAVR by transfemoral approach. On the day of TAVR, patients were intubated and TEE was performed and the aortic valve was crossed with a 0.035" straight wire using an AL1 catheter, and exchanged with a 0.035" extra-stiff Amplatz wire. An AtlantisV R PV Peripheral IVUS Catheter (8 Fr/15 MHz, Boston Scientific, Natick, Massachusetts) was advanced over the extra-stiff Amplatz wire into the left ventricle and pullback imaging was obtained automatically at a speed of 0.5 mm/s from the left ventricular outflow tract to the aortic root. In order to enhance the visibility of the annulus and adventitial borders by IVUS, we used a largefield IVUS imaging by increasing the depth of IVUS penetration to 50 mm and injected 2 mL agitated contrast media through the lumen of IVUS catheter during IVUS, as previously reported. 7 Following IVUS imaging, balloon aortic valvuloplasty (BAV) was performed and an Edwards SAPIEN XT valve (Edwards Life sciences, Irvine, CA) was deployed successfully during aortography and rapid ventricular pacing. After the valve deployment, the presence of PVR was assessed by 2D-TEE. No aortography or iliac angiography was performed after TAVR. AKI was defined as an increase in serum creatinine levels >0.3 mg/dL. 5 
IVUS analysis
IVUS images were analysed both online and offline. For online analysis, the lumen counters were traced using a computerized plannimerty system incorporated in the software of the iLab Tm ultrasound imaging system. The reconstructed longitudinal and cross-sectional IVUS images were examined from the left ventricular outflow tract to the aorta. The lowest point of the cusps insertion with the left ventricular outflow tract (LVOT) referred as the hinge point. At this level, the annular area and diameters were measured by IVUS. For offline analysis, all IVUS data were stored on a DVD disc and a quantitative IVUS analysis was performed at the UAB IVUS Core Lab by an experienced investigator (DH) who was blinded to the MDCT data. The 3-D IVUS images were displayed using commercially available plannimerty software (echoPlaque, INDEC Medical systems, Santa Clara, California). The aortic annulus area and diameters were measured from the cross-sectional IVUS images as the average of measurements from 5 consecutive frames at the hinge point. 8 The radial symmetry index of the measured IVUS slice was determined by minimum lumen diameter/maximum lumen diameter. The representative images of IVUS measurements are shown in Figure 1 .
MDCT analysis
MDCT was performed using GE Discovery 750 HD scanner (GE Healthcare Milwaukee, Wisconsin) to measure the annular area and diameters. The images were analyzed using a dedicated Aquarius Net 4.4-TeraRecon (Foster City, CA) post-processing workstation. The aortic annular area and orthogonal diameters were measured by selecting an image at the hinge-point, as previously reported. 1, 2 The appearance of partial volume-averaging artifacts (blooming) owing to calcification was attenuated by adjusting the window and level setting. Once the optimal plane was chosen, the area and orthogonal diameters of the aortic annulus were measured. The radial symmetry index of measured MDCT slice was determined by minimum lumen diameter/maximum. MDCT measurements were performed by an experienced cardiac CT reader (SS). The radial symmetry index of measured MDCT slice was determined by minimum lumen diameter/maximum lumen diameter. The representative images of MDCT measurements are shown in Figure 2A and B. In order to investigate the impact of calcification on annular measurements by MDCT vs. IVUS, we graded the degree of annulus calcification by MDCT as Grade 1: minimal calcification (small calcific nodules); Grade 2: moderate calcification (large chunky calcific nodules on at least 2 cusps); and Grade 3: Severe calcification (large chunky calcific nodules in all 3 cusps and annulus). Based on the above analysis, we divided patients into two groups. The Group 1, those with severe calcification of the annulus (Grade 3, n = 17 patients), and the Group 2, those with mild to moderate calcification of the annulus (Grades 1, 2, n = 33 patients).
Echocardiographic analysis
All patient underwent intraoperative 2D-TEE with iE33, Philips Medical Imaging system (Andover, MA) using the standard imaging protocol. The mid-systolic short-axis image was used to find a long axis image that maximally bisects the aortic annulus and then the measurement was performed on the long axis view. The severity of the post TAVR PVR was based on the criteria recommended by the 2012 Valve Academic Research Consortium (VARC)-2. 9 The degree of PVR was calculated from the aortic short axes view and expressed as the percentage of the circumference of the annulus. For the purpose of analysis, trivial jets were grouped with no aortic regurgitation. PVR was defined as mild if the circumferential extent of the PVR was <10% of the annulus circumference, moderate if it was between 10-29%, and severe if it was >30%. Echocardiographic measurements were performed offline by an echocardiographer experienced in TAVR imaging (O.B) who was blinded to the MDCT data. The representative images of 2D-TEE measurements are shown in Figure 2C and D.
. 
Aortic annulus measurements and calculations
The external area of a fully expanded (i.e. nominal) transcatheter heart valve (THV) is 4.15 cm 2 for a 23-mm THV, 5.31 cm 2 for a 26-mmTHV, and 6.61 cm 2 for a 29-mm THV. The differences between the nominal THV size and the annular dimensions were calculated by using the following methods and then assessed for the prediction of PVR, as previously described 3 : THV nominal area-MDCT or IVUS area; THV nominal diameter-MDCT or IVUS minimum, maximum, and mean annular diameters; and THV nominal diameter-2D-TEE annular diameter. The cover index denotes the percent oversizing of the THV compared with the measured annular area or mean diameter by IVUS, MDCT, or TEE and calculated using the following formula: nominal THV area or diameter-measured annular area or mean diameter/nominal THV area or diameter X 100%, as previously described. 3 All measurements were performed in mid systole using the most optimal image at or near the maximum aortic valve excursion. For each modality, the readers were blinded to the results of the measurements from the other modality.
Statistical analysis
Analyses were performed using SPSS 22.0 (IBM, Armonk, NY), and MedCalc version 12.4.0 (MedCalc Software, Ostend, Belgium).
Continuous variables are reported as mean ± SD. Continuous variables were compared using 2-sided Student t-test or one-way analysis of variance as appropriate. For the analysis of variance, significance was determined after multiple pairwise comparisons with the Bonferroni post-tests. Categorical variables were compared using Fisher's exact or Chi-square test. Pearson correlation coefficients were used to assess the correlation between IVUS, MDCT, and TEE measurements. Intraclass correlation coefficients were used to assess intraobserver (S.S for MDCT) variability. Receiver operating characteristic (ROC) analysis was performed to determine the optimal cutoff values of MDCT, IVUS, and TEE parameters (as continuous variables) in predicting > _ mild PVR as a classification variable by the method of Delong et al. 10 The areas under the curve (AUC) resulting from ROC analyses were compared to test the discriminatory power of the differences between the THV nominal area or diameter and IVUS, MDCT, and TEE annular measurements for predicting PVR.
Results

Demographic characteristics of patients
All patients underwent MDCT prior to TAVR and IVUS was performed during TAVR with no complications. The clinical characteristics of patients are shown in Table 1 . 
Procedural characteristics of patients
The procedural characteristics of patients are displayed in Table 2 . All patients underwent successful SAPIEN XT valve deployment, including valves with diameters of 23 mm valves in 15 patients (30%), 26 mm in 20 (40%) patients, and 29 mm in 15 patients (30%). After TAVR, PVR was trace/none in 37 patients (74%) and > _ Mild in 13 patients (26%). PVR was > _moderate in 7 patients (14%). Since PVR was > _moderate in 7 patients, post-TAVR balloon dilation was performed, which resulted in an improvement of PVR in 5 patients. However, in 2 patients, an additional valve was deployed to improve PVR.
Acute kidney injury
A total of 6 patients (12%) developed AKI after MDCT, but renal replacement therapy was not required in any patient. Serum creatinine levels increased significantly from 1.27 ± 0.68 at baseline to 1.35 ± 0.75 after TAVR; P < 0.05.
Comparisons of MDCT, IVUS, and 2D-TEE measurements
The correlation coefficients between online and offline IVUS measurements of the annular area and mean annular diameter were 0.99 and 0.97, respectively; P < 0.0001. The intraclass correlation coefficient for the annulus area measurement by MDCT was 0.98 (CI: 0.96-0.99) and for the mean diameter was 0.91 (CI: 0.77-0.97). The radial symmetry indices of IVUS and MDCT measured by offline analysis were 0.81 ± 0.07 and 0.79 ± 0.07; P = 0.126, respectively.
The Bland-Altman plot ( Figure 3A) shows that the aortic annulus area measured by IVUS was not significantly different as compared with that measured by MDCT (mean difference = -9.8 ± 42, P = 0.11). Likewise, the Bland-Altman plot ( Figure 3B) demonstrates that the mean annulus diameter measured by IVUS was not significantly different from that measured by MDCT (mean difference = -0.20 ± 1.6; P = 0.4). There were strong correlations between IVUS and MDCT annular areas (r = 0.87, P < 0001; Figure 4A ) and mean diameters (r = 0.73, P < 0.0001, Figure 4B ). In contrast, there were no correlations between MDCT with 2D-TEE diameter (r = 0.09, P = 0.45, Figure 4C ) and IVUS mean diameter with 2D-TEE diameter (r = 0.16, P = 0.16; Figure 4D ).
Comparisons of the annular dimensions measured by MDCT, IVUS, and 2D-TEE are listed in Table 3 . Comparing IVUS with MDCT, the maximum and minimum annular diameters, area cover index, THV diameter-mean annular diameter, and THV area-mean annular area were not significantly different. The mean annular diameters measured by IVUS and MDCT were significantly larger than that measured by 2D-TEE; this translated into a larger mean diameter cover index by 2D-TEE.
In Group 1 (17 patients), the correlation between the annulus areas measured by MDCT vs. IVUS was 0.83, P < 0.0001 and the correlation between the annulus mean diameters measured by MDCT vs. IVUS was 0.75, P < 0.0001. In Group 2 (33 patients), the correlation between the annulus areas measured by MDCT vs. IVUS was 0.91, P < 0.0001. The correlation between the annulus mean diameters measured by MDCT vs. IVUS was 0.73, P < 0.0001. Table 4 summarizes ROC analyses with AUC values for predicting PVR. Differences between the THV area and diameter and the MDCT annular area and diameter vs. the THV area and diameter and the IVUS annular area and diameter were not significant and provided a good prediction for > _mild PVR (AUC 0.81, 0.78, 0.79, 0.74; respectively, Table 4 and Figure 5A ). Likewise, the area and mean diameter cover indices measured by MDCT and IVUS were not significant and predicted > _PVR (AUC 0.77, 0.75, 0.74. 0.70, Table 4 , and Figure 5B ).
Receiver operating characteristic analyses for predicting PVR
Differences between the THV area and MDCT area (AUC 0.81) and the IVUS area (AUC 0.79) were more predictive of > _mild PVR than the TEE annular diameter (AUC 0.56; P < 0.05, Figure 6 ). Difference between the THV diameter and the TEE diameter did not predict PVR (AUC = 0.56; P = 0.6, Table 4 ).
Discussion
The salient findings of the present study are summarized as follows: (1) The aortic annular dimensions measured by large-filed IVUS were not significantly different as compared to those measured by MDCT; (2) The mean annular diameter measured by IVUS and MDCT were significantly greater than that measured by 2D-TEE; (3) There were strong correlations between the IVUS and MDCT annular areas and diameters, but the IVUS and MDCT mean diameters correlated weakly with 2D-TEE diameter; and (4) The IVUS and MDCT annular measurements equally predicted > _mild PVR and were more predictive of PVR than the 2D-TEE measurements.
We demonstrated that the degree of annular calcification did not affect the measurements of the annular dimensions by MDCT or IVUS. In particular, despite heavy annular calcification, there were very strong correlations between the annulus areas measured by MDCT vs. IVUS. This is probably as a result of a good image quality obtained by IVUS and MDCT.
In the present study, of the 7 patients who had moderate to severe PVR, 5 patients had severe (grade 3) annular calcification. A recent study 11 revealed that protruding nodules of annular/sub-annular calcium identified on MDCT predicted PAR. Likewise, in the present study, it is evident that heavy annular calcification led to PVR. We used SAPIEN XT valve in all patients, which had no external sealing Class IV n (%) 6 (12) Hypertension n (%)
32 (64) Diabetes n (%) 14 (28) Hyperlipidemia n (%) 45 (90) History of CAD n (%)
22 (48) History of PCI n (%) 13 (26) History of CABG n (%) 17 (34) Baseline hemoglobin (g/dL)
11.60 ± 1.8
Post-TAVR hemoglobin (g/dL) *10.12 ± 1.50
Baseline serum creatinine levels (mg/dL) 1.27 ± 0.70 Post-TAVR serum creatinine levels (mg/dL) *1.35 ± 0.75 skirt. On the other hand, the third generation aortic valves with an outer sealing skirt have significantly reduced the incidence of PVR. We used a peripheral IVUS catheter with a 50-mm imaging diameter, a large field, to measure the aortic annulus during TAVR. Likewise, Roy et al.
12,13 used large field IVUS for annular sizing during TAVR in 18 patients and showed that the IVUS annular area and perimeter were not significantly different as compared with MDCT, but given the small sample size of that study, PVR could not be predicted by IVUS. In contrast, in the present study, we showed that PVR could be equally predicted by IVUS or MDCT. Notably, MDCT is an important imaging modality to assess the calcification of the valve cusps and aortic root. MDCT typically provides superior tissue/lumen contrast but may be limited by artifacts because of partial volume-averaging effects (blooming), heart/lung motion, arrhythmias, and patient motion. In particular, among elderly patients who may have difficulty lying down or holding their breath, the image acquisition may be distorted and an alternative imaging modality is required. 6 Likewise, the calcification of the valve cusps and aortic root can be determined by IVUS, which induces acoustic shadowing ( Figure 1C and D) . The size of the sinus of Valsalva and ascending aorta can be measured by large field IVUS. 12, 13 Along the same line, the distance from the aortic annulus plane to the coronary ostia can be measured by IVUS, as previously reported. 13 Furthermore, the size of the ilieofemoral arteries can be reliably measured by IVUS during coronary angiography prior to TAVR. We demonstrated that the degree of annular calcification did not affect the annular dimensions measured by MDCT or IVUS. In particular, there were very strong correlations between the annulus areas measured by MDCT vs. IVUS irrespective of the degree of annular calcification. This is likely as a result of a good image quality obtained by IVUS and MDCT. The occurrence of AKI following TAVR may have serious clinical implications. In the present study, creatinine levels significantly increased and 6 patients (12%) developed AKI. A recent series 5 demonstrated that in elderly patients with aortic stenosis undergoing MDCT prior to TAVR, intravenous administration of contrast media was associated with AKI in 10.5% of patients with CKD. In a recent meta-analysis, 14 the incidence of AKI after TAVR ranged from 8.3%
to 57% and renal replacement therapy was required in 2-40% of patients. The 30-day and 1-year mortality rates ranged from 8.8% to 44.4% and 31.5% to 55.5%, respectively. Likewise, a number of studies 15, 16 showed that the baseline serum creatinine concentration was an independent predictor of AKI after TAVR. Furthermore, Bartel et al. 17, 18 showed that the use of intracardiac echocardiography (ICE), as compared with angiography during TAVR, significantly reduced the amount of contrast media, which lowered the incidence of AKI and shortened the length of hospital stay. Taken together, given the increased risk of AKI, accurate annular sizing by IVUS or ICE will obviate the need for MDCT in patients with renal failure and that can reduce the incidence of AKI.
Safety of the IVUS during TAVR
The IVUS imaging was performed prior to BAV in order to size the aortic annulus accurately before the valve distortion or tear by BAV. 
Clinical implications
The advantage of IVUS or ICE is that the size of the aortic annulus can be determined by IVUS or ICE during TAVR and thus may reduce the risk of AKI with MDCT in patients with CKD. Furthermore, IVUS or ICE 19 can be performed with conscious sedation during TAVR and general anesthesia is not required. Since these imaging modalities may reduce AKI and the length of hospital stay, they can potentially offset the cost of the device. Alternatively, in patients with CKD, 3D-TEE can reliably determine the annulus size, but it requires general anesthesia and the size of the iliofemoral artery will need to be determined by IVUS or MDCT using a small volume of contrast media. In this respect, randomized trials are warranted to compare the impact of IVUS or ICE performed with conscious sedation, as compared with 3D-TEE, on the annular dimensions and PVR in patients with CKD undergoing TAVR.
Limitations of the study
This is a single center study, but investigators independently measured the aortic annulus by MDCT, IVUS, or 2D-TEE and were blinded to each other data. We enrolled 50 patients into the study, yet showed that aortic annular measurements and prediction of PVR by IVUS and MDCT were significantly higher than those by 2D-TEE.
Had we enrolled a larger number of patients, the results would not have been different. Likewise, Bartel et al. 18 investigated the correlations between intracardiac echocardiography with TEE in 50 patients. During automatic IVUS pullback from the left ventricle to the aorta, blood pressure remained stable and no patient encountered hemodynamic instability, stroke, annulus dissection, or pericardial effusion. Cerebral embolization can occur as results of variety of reasons such as advancing a catheter into the left ventricle, during balloon aortic valvuloplasty or more frequently with valve deployment. Therefore, it may not be possible to tease out the specific cause of stroke after TAVR. Since a recent study 3 demonstrated strong correlations between 3D-TEE and MDCT for annular sizing, we did not perform 3D-TEE to compare it with IVUS. It may be argued that if IVUS catheter is not centralized, the images can be biased to one side leading to oblique sections and oversizing of the aortic annulus. This was not an issue in the present study because we showed that the symmetry index of the measured IVUS slice at the annulus level by offline analysis was not significantly different from that of MDCT.
Conclusions
We demonstrated that the aortic annular measurements and the prediction of PVR by IVUS were not significantly different from those of MDCT, but were greater than those of 2D-TEE. In patients with chronic kidney disease, the use of contrast media with MDCT might induce AKI, which is associated with poor outcome. In these patients, IVUS can be reliably used in lieu of MDCT for annular sizing during TAVR to prevent AKI. Likewise, in patients with suboptimal MDCT images, IVUS can be used for annular sizing during TAVR.
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